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Introduction {#sec001}
============

Dysregulation of signaling pathways in the brain is thought to be the main cause of bipolar disorder (BD) \[[@pone.0235033.ref001]\]. Lithium chloride (LiCl) has remained an important treatment option for BD for decades \[[@pone.0235033.ref002],[@pone.0235033.ref003]\]. It has been prescribed to prevent both new depressive and manic episodes and is known to be the only compound to have anti-suicidal effects in BD patients \[[@pone.0235033.ref004]\].

When LiCl is used as a therapeutic agent, it is generally accepted that in the short term, it influences Protein Kinase C (PKC) and glycogen synthesis kinase-3 (GSK-3) signal transduction pathways. Long term exposure to LiCl modifies the expression of different genes/pathways including PI/PKC signaling cascade, leading to alterations in the synaptic function of the nerve cells \[[@pone.0235033.ref001],[@pone.0235033.ref005]--[@pone.0235033.ref007]\]. Inducing autophagy, oxidative metabolism, apoptosis and affecting translation machinery are other pathways proposed to be influenced by LiCl intake \[[@pone.0235033.ref002],[@pone.0235033.ref006]\]. LiCl has also been investigated as a treatment option for Alzheimer's disease which is caused by the aging of the nervous system \[[@pone.0235033.ref006],[@pone.0235033.ref008]\]. Although much has been learned about the influence of LiCl, how it affects the cell at the molecular level and the mechanism(s) of its activity, as well as its side effects (secondary effects) require further investigations \[[@pone.0235033.ref001],[@pone.0235033.ref002],[@pone.0235033.ref008]\].

At the molecular level, the sensitivity of yeast cells to LiCl was previously described by changes in the level of expression and activity for *PGM2* that encodes a phosphoglucomutase \[[@pone.0235033.ref009],[@pone.0235033.ref010]\]. Phosphoglucomutase is responsible for converting glucose-1-phosphate to glucose-6-phosphate and LiCl is an inhibitor of its enzymatic activity. When galactose is used as the carbon source, inhibition of phosphoglucomutase by LiCl results in the accumulation of galactose metabolite intermediates that in turn causes growth defects \[[@pone.0235033.ref011],[@pone.0235033.ref012]\]. In the presence of glucose, LiCl reduces the levels of UDP-glucose and disrupts the associated pathways. It has also been suggested that LiCl may inhibit RNA processing enzymes \[[@pone.0235033.ref013],[@pone.0235033.ref014]\]. Also, it is reported that under LiCl stress, there seems to be a rapid loss of ribosomal protein gene pre-mRNAs and a decrease in the number of mature mRNAs in the cytoplasm \[[@pone.0235033.ref014]\]. In addition, it is possible that LiCl may inhibit the initial steps of the protein synthesis pathway. It is thought that LiCl may disrupt the association of translation initiation factor eIF4A RNA helicase to the yeast translation machinery \[[@pone.0235033.ref009]\] impairing translation initiation. Deletion of *TIF2* that codes for the eIF4A helicase increased yeast sensitivity to LiCl. Over-expression of eIF4A helicase reverted the translational inhibition caused by LiCl \[[@pone.0235033.ref009]\].

In the current study, we observed that the deletion of two yeast genes, *YTA6* and *YPR096C* increased the sensitivity of yeast cells to LiCl. *YTA6* codes for a putative ATPase of the CDC48/PAS1/SEC18 (AAA) family of proteins and *YPR096C* codes for a protein of unknown function. Neither of the genes was previously linked to cell responses to LiCl. Our follow-up genetic investigations suggest that the involvement of *YTA6* and *YPR096C* in yeast LiCl sensitivity seems to be due to their influence on *PGM2* translation.

Materials and methods {#sec002}
=====================

Strains, plasmids, gene collections and cell and DNA manipulations {#sec003}
------------------------------------------------------------------

MATa mating strain Y4741 orfΔ::KanMAX4 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 and MATα mating strain, Y7092 can1Δ::STE2pr-Sp_his5 lyp1Δ his3Δ1 leu21Δ0 ura3Δ0 met15Δ0 were used. Yeast non-essential gene knockout collections \[[@pone.0235033.ref015]\], yeast over-expression plasmid library \[[@pone.0235033.ref016]\] and the collection of yeast gene-GFP fusion strains were utilized as before \[[@pone.0235033.ref017]--[@pone.0235033.ref019]\]. Yeast gene knockout was performed by PCR transformation using the Lithium Acetate method and confirmed by PCR analysis \[[@pone.0235033.ref020],[@pone.0235033.ref021]\]. Over-expression plasmids for *YTA6* and *YPR096C* were purchased from Thermofisher^®^ and their integrity was confirmed using PCR analysis. *PGM2*-GFP strain was purchased from Thermofisher^®^ Yeast GFP Clone Collection and was utilized in qRT-PCR and western blot analysis. The integrity of this strain was confirmed using PCR and drug sensitivity analyses.

p281 construct carries a *LacZ* expression cassette under the control of a gal promoter. p281-4 construct carries an insert with a strong hairpin structure (`5’GATCCTAGGATCCTAGGATCCTAGG ATCCTAG3’`) upstream of *LacZ* cassette\[[@pone.0235033.ref022]\]. pAG25 plasmid was used as a DNA template for nourseothricin sulfate (clonNAT) resistance gene marker in PCR reactions for gene knockout experiments. Kanamycin and NAT markers were used as selection markers for corresponding deletion mutant strains. All plasmids carried an ampicillin resistance gene which was used as a selection marker in *E*. *coli* DH5α, and a *URA3* marker gene for selection in yeast.

P416 construct carries a *LacZ* expression cassette under the transcriptional control of a gal promoter. To generate reporter *LacZ* mRNAs under the translational control of complex RNA structures, three different fragments were cloned upstream of the *LacZ* mRNA in p416 construct using *XbaI* restriction site. In this way three expression constructs were designed as follows: pPGM2 construct contains the 5'-UTR of *PGM2* gene (`5’TAATAAGAAAAAGATCACCAATC TTTCTCAGTAAAAAAAGAACAAAAGTTAACATAACAT 3’`), pTAR construct contains the 5' UTR of *HIV1*-*tar* gene (`5’GGGTTCTCTGGTTAGCCAGATCTGAGCCCGGGAGCTCTCTGGCTAGCTAGGGAACC CACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCC 3’`) and pRTN that contains the 5' UTR of *FOAP*-*11* gene (`5’GGGATTTTTACATCGTCTTGGTAAAGGCGTGTGACCCATA GGTTTTTTAGATCAAACACGTCTTTACAAAGGTGATCTAAGTATCTC 3’`).

YP (1% Yeast extract, 2% Peptone) or SC (Synthetic Complete) with selective amino acids (0.67% Yeast nitrogen base w/o amino acids, 0.2% Dropout mix,) either with 2% dextrose or 2% galactose, as a source of carbohydrates, was used as culture medium for yeast and LB (Lysogeny Broth) was used for *E*. *coli* cultures. 2% agar was used for all solid media. Yeast plasmid extraction was performed using yeast plasmid miniprep kit (Omega Biotek^®^) and *E*. *coli* plasmid extraction was carried out using GeneJET plasmid miniprep kit (Thermofisher^®^ and Bio-Basics^®^) according to the manufacturers' instructions.

Drug sensitivity analysis {#sec004}
-------------------------

For drug sensitivity analysis, yeast cells were grown from independent colonies to saturation for two days at 30°C in liquid YPgal. Spot test analysis of serial dilutions of cell suspensions were spotted onto solid media with or without LiCl. For growth sensitivity to LiCl, 10 mM and 100 mM concentrations were used in media containing galactose or glucose, respectively, as described before \[[@pone.0235033.ref010],[@pone.0235033.ref011]\]. Sensitivity to the compound was assessed by comparing the number and size of the colonies formed on each plate after 48 hours in comparison with wild type \[[@pone.0235033.ref020]\].

For quantification analysis, colony counting was done by taking 100 μL of diluted (10^−4^) cell cultures from independent colonies, grown for two days at 30°C in liquid YPgal, and spreading on YPgal plates in the absence and presence of LiCl. The colonies were counted two days after incubation at 30°C. Each experiment was repeated at least three times. t-test analysis (*P*-value ≤ 0.05) was used to determine statistically significant differences.

Quantitative *β-galactosidase* assay {#sec005}
------------------------------------

The effect of 5'-UTR regions to mediate translation in different yeast strains were examined using *LacZ* reporter systems. To evaluate the activity of *LacZ* expression cassettes, quantitative *β-galactosidase* assay was performed using ONPG (O-nitrophenyl-α-D-galactopyranoside) as described \[[@pone.0235033.ref023],[@pone.0235033.ref024]\]. Each experiment was repeated at least three times.

Quantitative real time PCR (qRT-PCR) {#sec006}
------------------------------------

The content of mRNAs was evaluated using qRT-PCR analysis. Deletion mutants in *PGM2*-GFP strain background were grown in YPgal overnight with or without LiCl treatment. Total RNA was extracted with Qiagen^®^ RNeasy Mini Kit. Complementary DNA (cDNA) was made using iScript Select cDNA Synthesis Kit (Bio-Rad^®^) according to the manufacturer's instructions. cDNA was then used as a template for quantitative PCR. qPCR was carried out using Bio-Rad^®^ iQ SYBR Green Supermix and the CFX connect real time system (Bio-Rad^®^), according to the manufacturer's instructions. *PGK1* was used as a constitutive housekeeping gene (internal control). The procedure and data analysis were performed according to MIQE guidelines \[[@pone.0235033.ref025]\].

The procedure was done in three repeats and t-test analysis (*P*-value ≤ 0.05) was used to determine statistically significant results. The following primers were used to quantify *PGM2* and *PGK1* mRNAs, as our positive control in different mutant strains.

*PGM2*: Forward `GGTGACTCCGTCGCAATTAT`; Reverse: `CGTCGAACAAAGCACAGAAA`

*PGK1*: Forward `ATGTCTTTATCTTCAAAGTT`; Revers: `TTATTTCTTTTCGGATAAGA`

Western blot analysis {#sec007}
---------------------

Western blot analysis was used to investigate the protein content for Pgm2p-GFP fusion protein. Different strains were grown in media treated with and without LiCl. Protein extraction was performed as described by Szymanski \[[@pone.0235033.ref026]\]. Bicinchoninic acid assay (BCA) was performed to estimate protein concentration as described by the manufacturer (Thermo Fisher^®^). Equal amounts of total protein extract (50 μg) were loaded onto a 10% SDS-PAGE gel, run on Mini-PROTEAN Tetra cell electrophoresis apparatus system (Bio-Rad^®^). Proteins were transferred to a nitrocellulose 0.45 μm membrane via a Trans-Blot Semi-Dry Transfer (Bio-Rad^®^). Mouse monoclonal anti-GFP antibody (Santa Cruz^®^) was used to detect protein levels of Pgm2p-GFP. Mouse anti-Pgk1 (Santa Cruz^®^) was used to detect Pgk1 protein levels used as internal controls. Immunoblots were visualized with chemiluminescent substrates (Bio-Rad^®^) on a Vilber Lourmat gel doc Fusion FX5-XT (Vilber^®^). Densitometry analysis was carried out using the FUSION FX software (Vilber^®^). Experiments were repeated at least three times; t-test analysis (*P*-value ≤ 0.05) was used to determine statistically significant results.

Genetic interaction analysis {#sec008}
----------------------------

Synthetic genetic analysis for *YTA6* and *YPR096C* was performed in a 384 format as before \[[@pone.0235033.ref017],[@pone.0235033.ref019],[@pone.0235033.ref027]\]. In brief, deletion mutant for query genes in Mat α mating type were crossed to two sets of gene deletion mutants in Mat a mating type. After a few rounds of selection, double gene deletion mutants were selected in Mat a mating type. Colony size was used as a measure of fitness \[[@pone.0235033.ref027],[@pone.0235033.ref028]\]. Colony size was measured as described before \[[@pone.0235033.ref029],[@pone.0235033.ref030]\]. The experiment was repeated three times.

For Phenotypic Suppression Array (PSA) analysis a MATα yeast strain having an over-expression plasmid of our query gene is mated into the entire deletion set along with an empty plasmid used as a control \[[@pone.0235033.ref031],[@pone.0235033.ref032]\]. For phenotypic suppression analysis, the final constructs transformed into deletion library were grown on YPgal compared to the control plasmid. Phenotypic suppression array was performed by growing the transformed cells on YPgal with a sub-inhibitory concentration of LiCl (3 mM, approximately 1/3 of the concentration used for strain sensitivity analysis) as a stress condition drug \[[@pone.0235033.ref033]\]. We investigated the ability of the over-expression of our query genes to compensate for the sick phenotype of our deletion sets under the inhibitory concentration of LiCl. If the over-expression of our candidate genes overcome the sensitivity of a yeast deletion strain caused by drug inhibition, we can suggest that a functional connection exists between the two genes \[[@pone.0235033.ref020],[@pone.0235033.ref034]\].

Genetic interaction data analysis {#sec009}
---------------------------------

Scoring fitness was done by colony size measurement as in \[[@pone.0235033.ref029],[@pone.0235033.ref030]\]. Those deletions that had 30% or more reduction in colony size in at least two experiments were considered hits. Based on their biological process and/or molecular function, hits were clustered into groups with enriched GO terms using Gene Ontology Resource <http://geneontology.org/> and Genemania database [http://genemania.org](http://genemania.org/).

Results and discussion {#sec010}
======================

Deletion of *YTA6* and *YPR096C* increases yeast sensitivity to lithium {#sec011}
-----------------------------------------------------------------------

Drug sensitivity of mutant strains to a target chemical is an important tool to investigate how a chemical compound affects the cell at the molecular level and pathways influenced by the drug \[[@pone.0235033.ref017],[@pone.0235033.ref019],[@pone.0235033.ref035]\]. While investigating yeast gene deletion mutants that are sensitive to LiCl we identified two gene deletion mutants for *YTA6* and *YPR096C* that showed increased sensitivity to LiCl. Little is known about the molecular activity of these two genes and the cellular process in which they participate making them interesting targets to study. *YTA6* codes for a putative ATPase and *YPR096C* is an uncharacterized ORF.

In the spot test assay indicated in [Fig 1](#pone.0235033.g001){ref-type="fig"} *yta6Δ* and *ypr096cΔ* show growth reduction in the presence of LiCl (10 mM LiCl) suggesting increased sensitivity of yeast strains when these two genes are deleted. *tif2Δ* was used as a positive control. Introduction of the over-expression plasmids that express the deleted genes, into the corresponding gene deletion mutants reversed the observed sensitivities to LiCl ([Fig 1](#pone.0235033.g001){ref-type="fig"}). To confirm the results obtained by the spot test assay we perform colony count measurement analysis, which represents a more quantitative approach. In this method, the decreased percentage of colonies is calculated by dividing the number of colonies in media in the presence of the LiCl to the number of colonies in control media and normalized to Wild Type (WT). Indicated in [Fig 2](#pone.0235033.g002){ref-type="fig"} deletion of *YTA6*, *YPR096C* or *TIF2* show reduced colony formation in the presence of LiCl. As before, introduction of the over-expression plasmids that express the deleted genes into the corresponding gene deletion mutants suppressed cell sensitivities to LiCl caused by gene deletions.

![Drug sensitivity analysis for different yeast strains using spot test assay.\
In (A) and (B) yeast cells were serially diluted as indicated (10^−1^ to 10^−4^) and spotted on YPgal media with or without LiCl (10 mM). *yta6* and *ypr096c* show less growth under LiCl treatment. Double deletion for *GAL1* with *YTA6* or *YPR096C* suppressed the observed sensitivity of single-gene deletions for *YTA6* or *YPR096C*. Deletion of *TIF2* was used as a positive control. In (C) over-expression of the target gene in their corresponding deletion mutants reverted cell sensitivity to LiCl (10 mM). Each experiment was repeated at least three times (n ≥ 3) with similar outcomes.](pone.0235033.g001){#pone.0235033.g001}

![Quantitative analysis of drug sensitivity for different yeast strains.\
The average number of colonies formed for different yeast strains in the presence of LiCl (10 mM) was normalized to that for the WT strain (WT average colony count = 285.33). Double deletion for *GAL1* with *YTA6* or *YPR096C* suppressed the observed sensitivity of single-gene deletions for *YTA6* or *YPR096C*. Data represent the average from three independent experiments (n = 3) and error bars represent standard deviation. \* represent statistically significant results compared to the WT. t-test analysis (*P*-value ≤ 0.05) was used to compare differences.](pone.0235033.g002){#pone.0235033.g002}

LiCl reduces the activity of phosphoglucomutase enzyme leading to the accumulation of intermediate metabolites from the galactose metabolism including galactose-1-phosphate, a toxic intermediate. In yeast, galactokinase is encoded by the *GAL1* gene. To investigate the influence of *YTA6* and *YPR096C* on LiCl toxicity through galactose metabolism, we generated double gene deletions for *YTA6* or *YPR096C* with the *GAL1* gene. Deletion of the *GAL1* gene relieved the sensitivity of gene deletion mutants for *YTA6* or *YPR096C* to LiCl ([Fig 1](#pone.0235033.g001){ref-type="fig"}). Also, when glucose was used as a carbon source deletion strains for *YTA6* or *YPR096C* showed no sensitivity to 10 mM LiCl. When the concentration of LiCl was increased to a toxic level (100 mM) in the presence of glucose as a carbon source \[[@pone.0235033.ref011],[@pone.0235033.ref036]\], deletion mutants for *YTA6* or *YPR096C* did not show increased sensitivity ([S1 Fig](#pone.0235033.s001){ref-type="supplementary-material"}). Together these results further connect the observed LiCl sensitivity for *YTA6* and *YPR096C* deletion strains to galactose metabolism.

*YTA6* and *YPR096C* regulate the expression of *PGM2* at the level of translation {#sec012}
----------------------------------------------------------------------------------

*PGM2* has been identified as a target of LiCl in yeast cells and its expression has been reported to change in the presence of LiCl \[[@pone.0235033.ref010]\]. Next, we investigated the ability of *YTA6* and *YPR096C* to change *PGM2* expression both at the levels of translation ([Fig 3A](#pone.0235033.g003){ref-type="fig"}) and transcription ([Fig 3B](#pone.0235033.g003){ref-type="fig"}). This was done using western blot analysis in a strain where Pgm2p was tagged with a *GFP* gene. In the absence of LiCl, we observed no notable alteration in the Pgm2p levels when either *YTA6* or *YPR096C* were deleted. However, when cells were challenged with 10 mM LiCl, the deletion of either *YTA6* or *YPR096C* reduced the protein content of Pgm2p.

![Protein and mRNA content analysis.\
(A) Protein content analysis of Pgm2p-GFP protein in deletion of yeast strains for *yta6Δ* and *ypr096cΔ*. Western blot analysis was used to measure the protein content for Pgm2p-GFP protein in the absence or presence of LiCl (10 mM) and related to WT. Pgk1p was used as a housekeeping gene and the values are normalized to that. The inset represents a typical blot (B) mRNA content analysis of *PGM2* in *yta6Δ* and *ypr096cΔ*. qRT-PCR was used to evaluate the content of *PGM2* mRNA in yeast gene deletion mutants related to WT strain and normalized to *PGK1* mRNA levels in the absence or presence of LiCl (10 mM). Each experiment was repeated at least three times (n ≥ 3). Error bars represent standard deviation. \* represent statistically significant results compared to the value in the corresponding WT. t-test analysis (*P*-value ≤ 0.05) was used to compare differences.](pone.0235033.g003){#pone.0235033.g003}

To investigate the possible effect of *YTA6* and *YPR096C* on *PGM2* transcription, we used qRT-PCR analysis to measure the content of *PGM2* mRNA when *YTA6* and *YPR096C* were deleted. Indicated in [Fig 3B](#pone.0235033.g003){ref-type="fig"}, deletion of *YTA6* and *YPR096C* did not noticeably change the content of *PGM2* mRNA when cells were treated with LiCl. This suggests that *YTA6* and *YPR096C* are unlikely to alter *PGM2* expression at the transcription level. Together these observations connect the activities of *YTA6* and *YPR096C* to the expression of Pgm2p at the protein level. This is in agreement with a previous observation by Sofola-Adesakin et al. that in *Drosophila melanogaster* LiCl impaired gene expression at the protein synthesis level and not the mRNA level\[[@pone.0235033.ref006]\].

Translation of *β-galactosidase* reporter mRNA with a hairpin structure is altered by the deletion of *YTA6* and *YPR096C* {#sec013}
--------------------------------------------------------------------------------------------------------------------------

The 5'-UTR of *PGM2* mRNA is predicted to contain a highly structured region \[[@pone.0235033.ref037],[@pone.0235033.ref038]\] ([S2 Fig](#pone.0235033.s002){ref-type="supplementary-material"}). This knowledge along with the observation that *YTA6* and *YPR096C* appear to impact *PGM2* expression at the translation level prompted us to investigate the influence of *YTA6* and *YPR096C* on the translation of other structured mRNAs. First, we placed the 5'-UTR of *PGM2* mRNA in front of a *LacZ* reporter gene in a p416 expression construct \[[@pone.0235033.ref039]\]. Indicated in Fig ([4A and 4B](#pone.0235033.g004){ref-type="fig"}), when *YTA6* and *YPR096C* were deleted the activity of *β-galactosidase* was reduced for the reporter gene that contained 5'-UTR of *PGM2* mRNA and not a control mRNA without the 5'-UTR of *PGM2*. The deletion of *TIF2* was used as a positive control.

![*β-galactosidase* expression analysis in different yeast strains.\
Activities from *β-galactosidase* mRNAs that carry 5'-UTR of *PGM2* mRNA (pPGM2) (A) upstream of *LacZ* reporter was reduced in *yta6Δ* and *ypr096cΔ* strains; *tif2Δ* was used as a positive control. Strains carrying low complexity regions upstream of *LacZ* reporters p416 (B) did not show as significant reductions in *β-galactosidase* activity. Values are normalized to that for WT which resulted in average *β-galactosidase* values of 38.1U and 407.5U for pPGM2 and p416 constructs, respectively. Each experiment was repeated at least three times (n ≥ 3) and error bars represent standard deviation. \* represent statistically significant results (*P*-value ≤ 0.05) compared to the WT. t-test analysis (*P*-value ≤ 0.05) was used to compare differences. The insets represent schematic reporter mRNA structures.](pone.0235033.g004){#pone.0235033.g004}

Next, we utilized an expression cassette, p281-4 with a strong hairpin structure in front of a *LacZ* reporter gene \[[@pone.0235033.ref022]\]. A second construct, p281 without the hairpin structure was used as a control. Illustrated in Fig ([5A and 5B](#pone.0235033.g005){ref-type="fig"}) it was observed that when *YTA6* and *YPR096C* were deleted the activity of *β-galactosidase* was reduced for the reporter gene that contained a hairpin structure. When the hairpin was absent, the activity of *β-galactosidase* was independent of *YTA6* and *YPR096C*. Together these data show that the deletion of *YTA6* and *YPR096C* seem to reduce the translation of structured reporter mRNAs.

![Normalized *β-galactosidase* activity is lower in *yta6Δ* and *ypr096cΔ* for structured mRNAs.\
A strong hairpin structure (p281-4) (A) upstream of a *LacZ* reporter pTAR (C) highly structured 5'-UTR of *HIV1-tar* and pRTN (D) constructs contain the highly structured 5'-UTR of *FOAP-11* genes in front of the *β-galactosidase* reporter mRNA. P281 (B) was served as a control plasmid with no inhibitory structure did not show as significant reductions in *β-galactosidase* activity. Values are normalized to that for WT which resulted in average *β-galactosidase* values of 14.1U and 37.9U for pRTN and p416 constructs, respectively. Each experiment was repeated at least three times (n ≥ 3) and error bars represent standard deviation. \* represent statistically significant results (*P*-value ≤ 0.05) compared to the WT. t-test analysis (*P*-value ≤ 0.05) was used to compare differences. The insets represent schematic reporter mRNA structures.](pone.0235033.g005){#pone.0235033.g005}

Next, we investigated the influence of *YTA6* and *YPR096C* on other structured mRNAs. For this, we designed two additional *β-galactosidase* mRNA reporters each carrying different complex RNA structures. pTAR carries the 5'-UTR of the *HIV1-tar* gene. This region contains a strong hairpin loop involved in modulating expression \[[@pone.0235033.ref040]\]. pRTN carries the 5' UTR of *FOAP*-*11* gene that contains a highly structured region \[[@pone.0235033.ref041]\]. Indicated in ([Fig 5C and 5D](#pone.0235033.g005){ref-type="fig"}), deletion strains for *YTA6* and *YPR096C* had a reduced level of *β-galactosidase* expression.

Genetic interaction analysis further connects the activity of *YTA6* and *YPR096C* to the protein biosynthesis pathway {#sec014}
----------------------------------------------------------------------------------------------------------------------

Genetic Interaction (GI) analysis is based on the assumption that parallel compensating cellular pathways give the cell its plasticity and tolerance against random deleterious mutations \[[@pone.0235033.ref029]\]. In this way, deletion of individual genes that can functionally compensate for each other has little or no phenotypic consequences. However, when both genes are deleted, an unexpected phenotype can emerge which can often be detected but a decrease in cell fitness or even cell death. In this case, the two genes are said to be forming a negative genetic interaction (nGI). An nGI can reveal the involvement of genes in compensating parallel pathways. nGI analysis has been used in various investigations to study gene function \[[@pone.0235033.ref017],[@pone.0235033.ref018],[@pone.0235033.ref033]\]. Systematic analysis of GIs in yeast is made possible by its two mating types. A target gene deletion in α-mating type (MAT alpha) is crossed with an array of single-gene deletion in a-mating type (MAT a) background and after a few rounds of selection double gene knockouts are selected \[[@pone.0235033.ref027]\]. Colony size measurement is often used to determine the fitness of double gene knockouts \[[@pone.0235033.ref028]\]. To this end, we generated a set of double gene deletions mutants for our two query genes with 402 deletion mutants for genes involved in gene expression ([S2 Table](#pone.0235033.s004){ref-type="supplementary-material"}). This array was termed gene expression array. Due to inherent bias associated with such enriched subsets, a second set of double gene deletions were made for our query genes with 304 random gene deletions, termed random array, and was used as a control ([S2 Table](#pone.0235033.s004){ref-type="supplementary-material"}).

*YTA6* formed 7 nGIs with different genes ([S3 Table](#pone.0235033.s005){ref-type="supplementary-material"}). The list of interactors includes *YPL079W* that encodes for large ribosomal subunit protein 21B and *YPL090C* that codes for small ribosomal subunit 6A. *YPR096C* interacted with 8 genes including *YOR091W* that codes for a protein associated with translating ribosomes and *YOR078W* that codes for a protein involved in small ribosomal subunit biogenesis ([S3 Table](#pone.0235033.s005){ref-type="supplementary-material"}). The low number of nGIs observed for both *YTA6* and *YPR096C* makes it difficult to draw a statistically meaningful enrichment for the interacting genes. As a result, formulating function(s) for *YTA6* and *YPR096C* on the basis of the observed interactions is not feasible.

In addition, we also investigated the conditional nGIs for the two target genes. Conditional GIs represent an interesting form of gene association. They represent a further insight into the function of genes under a specific condition. The activities of many genes are known to be condition dependent. For example, the expression of many DNA repair genes are regulated in response to DNA damage \[[@pone.0235033.ref042],[@pone.0235033.ref043]\]. To this end, we investigated conditional nGIs for *YTA6* and *YPR096C* in the presence of a mild concentration of LiCl (3 mM). Illustrated in [Fig 6](#pone.0235033.g006){ref-type="fig"} *YTA6* formed a total of 14 conditional nGIs. On the basis of their functions and cellular processes in which they participate, these genes can be divided into different categories. Of note, the category of genes involved in protein biosynthesis was the only significantly enriched category (P = 1.6e-4). Within this category, we find 7 genes including, *RPL2B* that encodes large ribosomal subunit protein 2B and *YDR159W* that codes for a protein required for biogenesis of small ribosomal subunit. *YPR096C* formed 13 conditional nGIs, 6 of which belonged to the category of protein biosynthesis (P = 6.6e-4). The genes in this category include *YDL081C* that codes for ribosomal stalk protein P1 alpha and *YER153C* that codes for a mitochondrial translation activator. The conditional nGIs observed here suggest a possible functional association for *YTA6* and *YPR096C* to protein biosynthesis when cells are challenged with LiCl.

![Conditional nGIs for *YTA6* and *YPR096C* in the presences of 3 mM concentration of LiCl.\
Our data shows a cluster of interactors involved in the protein biosynthesis pathway for *YTA6* (P = 1.6e-4) and *YPR096C* (P = 6.6e-4). *CTK1*, *HAC1*, *BCK1*, *MRPL1*, and *PGM2* are mutual hits shared between *YTA6* and *YPR096C*. Circles represent genes, dashed lines represent nGIs identified in this study and solid lines represent previously reported interactions in the literature. The inset represents an example of a typical interaction.](pone.0235033.g006){#pone.0235033.g006}

Phenotypic Suppression Array (PSA) analysis focuses on another form of GIs, where a specific phenotype associated with a gene deletion mutant is suppressed by the over-expression of the second gene \[[@pone.0235033.ref032],[@pone.0235033.ref044],[@pone.0235033.ref045]\]. This type of GI generally indicates a close functional association where the activity of an over-expressed gene compensates for the absence of the others. To this end, we subjected the gene expression array (described above) to 10 mM of LiCl. In this concentration, a number of strains showed sensitivity. We then attempted to reverse the observed sensitivities by over-expression of either *YTA6* or *YPR096C* in these mutants. Interestingly over-expression of either *YTA6* or *YPR096C* compensated for the sensitivity of the same two gene deletions, *bck1Δ* and *eap1Δ*, to LiCl ([Fig 7](#pone.0235033.g007){ref-type="fig"}). We confirmed our PSA data using spot test drug sensitivity analysis ([Fig 7](#pone.0235033.g007){ref-type="fig"}). We observed that sensitivity of *bck1Δ* and *eap1Δ* to 10 mM LiCl was relieved by introducing *pYTA6* and *pYPR096C* over-expression plasmids into deletion mutant strains ([Fig 7](#pone.0235033.g007){ref-type="fig"}). The fact that *YTA6* and *YPR096C* compensated the same two gene deletions, further connects their activities together in the context of LiCl sensitivity. Another possibility is that the over-expression of *YTA6* and *YPR096C* would improve *PGM2* mRNA translation, leading to an increase in *PGM2* activity in the cells that was shown to confer resistance to lithium in galactose medium \[[@pone.0235033.ref011]\]. According to this hypothesis, if the main cause of toxicity under these conditions is the decrease in *PGM2* activity, the over-expression of *YTA6* and *YPR096C* would be \"solving\" the original problem and thus making any yeast strain more tolerant to lithium, not only those with a related function in the cell. *Bck1* is reported to function in cell wall integrity pathway and deadenylation of mRNAs and *Eap1* is an eIF4E-associated protein and accelerates the decapping of mRNAs. They have both been implemented in the regulation of alternative translation initiation via *Dhh1p*, a helicase protein \[[@pone.0235033.ref046]--[@pone.0235033.ref049]\]. *Dhh1p* is a member of the DEAD-box family of RNA helicases capable of unwinding strong secondary structures. It functions in mRNA decapping and translational repression among other processes \[[@pone.0235033.ref045],[@pone.0235033.ref050]\]. A proposed functional association for both *YTA6* and *YPR096C* to the regulation of translation via *Dhh1* merits further investigations.

![Over-expression of *YTA6* and *YPR096C* compensate for the sensitivity of *eap1Δ* and *bck1Δ* to 10 mM LiCl.\
(A) *BCK1* and *EAP1* are known to be involved in translation initiation via *DHH1* through previously reported genetic. New genetic interactions (PSA-based) identified in this study are shown with dashed lines. (B) Spot test analysis confirms the relief of drug sensitivity to LiCl for *eap1Δ and bck1Δ* by over-expression of *YTA6* and *YPR096C*. Spot test analysis was repeated three times (n = 3) with similar outcomes.](pone.0235033.g007){#pone.0235033.g007}

Supporting information {#sec015}
======================

###### Drug sensitivity analysis for different yeast strains on YPD media.

No increased LiCl sensitivity was observed for deletion mutant strains for *YTA6* and *YPR096C* in media containing glucose as a carbon source. Spot test analysis was repeated at least three times (n ≥ 3) with similar outcomes.

(TIF)

###### 

Click here for additional data file.

###### The secondary structure of *PGM2* 5'-UTR.

Unlike most yeast ORFs, the 5' UTR of PGM2 is thought to be structured (38).

(TIF)

###### 

Click here for additional data file.

###### qRT-PCR raw data for different strains with and without LiCl treatment.

Each experiment was repeated at least three times (n ≥ 3).

(DOCX)

###### 

Click here for additional data file.

###### List of mutant strains in gene expression and random arrays.

(DOCX)

###### 

Click here for additional data file.

###### List of negative genetic interactions (nGIs) for YTA6 and YPR096C (no LiCl in media).

(DOCX)

###### 

Click here for additional data file.

###### 

(PDF)

###### 

Click here for additional data file.

This work is dedicated to the memory of our friend and colleague Fareed Arasteh who lost his life in the Tehran Plane Crash, 2020.

10.1371/journal.pone.0235033.r001
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Dear Dr. Golshani,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

As Reviewer 2 points out, LiCl also has an interaction in galactose metabolism, independent of toxicity. The consideration of galactose metabolism intermediates that are likely accumulate in yeast cells creating a large amount of phenotypes may be due to specific galactose-1-phosphate accumulation, already known as part of toxicity of  galactosemia. Since there is a second pathway that has not been considered, discussion of that pathway is required. Add appropriate references.Testing of the alternative pathway per the suggestions of Reviewer 2 is required: 1) control experiments testing lithium toxicity in using media that use other carbon sources (e.g. glucose, glycerol, lactate, etc); 2) test the effect of the gal1 gene deletion on the growth tests of the mutant trains. Test the alternative hypothesis by suppression through deletion of YTA6 and YPR096C.Cell size as an assay of fitness is flawed since it could be due to a higher cell death rate or a slower growth rate. These paramaters need to be determined independently.Present the results of non-treated cells.The PGM2 hairpin hypothesis requires more controls including  testing a) the effect of the hairpin on translational assays and b) the absence of the hairpin on the suppression of the phenotype.The authors need to clarify the potential of non-isogenicity on the nGI results.Statistical analysis requires a description in methods.Figure 6 is difficult to see (see the AE comments below). The major textual problem is the over-comparison with the use of Li in bi-polar disorder, as noted by Reviewer 1.  This may be mentioned only briefly as it is peripheral to the actual studyReviewer 2 has more specialized knowledge essential for the interpretation of the data. Reviewer 1 focused on the presentation.The AE reading of the manuscripts found numerous additional problem. First, Figures 1 and 7 show spot assays that are strips of data. The nature of the splicing is not mentioned in the text and it is unknown whether they are derived from one or more plate. The original data must be presented to the Reviewers for all of the data by the new PLOS One data presentation rules. Second, the other Figures would be assisted by a diagram of the assay shown in that Figure. Third, the statistical tests frequire exact n values and methods in the Figure Legends. Fourth, are the cells that are the origin of the quantitative cell counting independent colonies from independent cells?. If not, this must be repeated with colonies from independent cells that may require a larger sample size.  Fifth, when data are non-statistically significant, they should not be shown in any Figure, including the supplement. Sixth, terms such as gene expression and protein translation are muddled. These need to be fixed. Seventh, the references are incomplete. Please correct carefully. Eighth,  spelling errors detract from the coherent reading of the manuscript.  The authors should have an independent individual unassociated with the paper read the manuscript for spelling and grammar.

We would appreciate receiving your revised manuscript by Oct 05 2019 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Arthur J. Lustig, PhD

Academic Editor

PLOS ONE

Journal Requirements:

1\. When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This is a concise piece of work on a physiological target function of LiCl toxicity in yeast. The experiments are properly conducted and the results are reasonably interpreted. The presentation is, however, somewhat misleading. More than half (six lines out of ten) of the Abstract describes the link between LiCl and bipolar disorder, although the work has very little to do with the disease. This disproportional presentation is confusing and misleading for general readership. It may be acceptable to mention bipolar disorder in the Introduction, although I recommend to curtail the part from the Abstract.

Typos or errors:

l.82

Insert a space after his5.

l.130, l.166,

Capitalize c of Licl.

l.180-188

This section should be in the Introduction, and therefore should be removed.

l.191

TIF2 should be Italicized.

l.201

Insert a space between 10 and mM.

l.218 and Fig.1 and 7

Ypgal or YPgal (l.107)? Stick to the same nomenclature.

l.356

EAP1, not EAp1.

l.356

The legend mentions dhh1D but the corresponding strain is tif2D in the Fig.7. Which is correct?

Reviewer \#2: The present work aims to describe new molecular mechanisms of lithium since it has been used in treatment of bipolar disorder for decades without a complete knowledge of it mechanism of action. Using a yeast genetic approach, the authors identified two genes that when deleted in yeast cells decreases tolerance to lithium treatment in the presence of galactose. Moreover, the deletion of these genes - YTA6 and YPR096C - seems to enhance lithium toxicity by interfering with PGM2 translation, an already known target of lithium chloride. Further, as PGM2 mRNA possesses a highly structured hairpin in the 5' UTR region, the authors were able to demonstrate that YTA6 and YPR096C participate in the process of translation of some other highly structured mRNAs, suggesting a possible mechanism explaining why PGM2 translation and cell growth are affected by knocking out those genes in the presence of LiCl. As YTA6 and YPR096C are yeast genes with little information so far, the authors focused in genetic interaction screenings to further identify how those deletions could promote emerging double-knockout phenotypes when crossed with deletion mutants of genes involved in gene expression. Using this tool, they could observe enrichment in negative genetic interactions with genes already known to participate in protein biosynthesis. Moreover, by overexpressing YTA6 and YPR096C in two of the negative interaction hits of the previous screening -- bck1� and eap1� -, they observed suppression of LiCl toxicity in YPGal medium.

The data presented by the authors contribute to the literature in the context of LiCl toxicity in galactose containing medium, and also propose a function for two yeast genes that, until now, little was known. But, in my point of view, major concerns have to be addressed to fit criteria for publication.

Major concerns:

\- The authors argue that effects observed by LiCl treatment regards only lithium toxicity but, in fact, Masuda et al 2001,2008 demonstrated that there is a potent interaction of LiCl treatment and galactose metabolism. By blocking PGM2 activity with lithium, galactose metabolism intermediates accumulate in yeast cells and a large amount of phenotypes are due to specific galactose-1-phosphate accumulation, a molecule already known as part of toxicity of a genetic disease called classic galactosemia. We cannot exclude the hypothesis presented by the authors that lithium is (directly) inducing a protein translation problem, but at this point they cannot exclude that the translation problem is being induced by galactose-1-phosphate (or other intermediary metabolite of the galactose pathway) accumulation neither. No comment about the galactose-1-phosphate toxicity was presented in this manuscript. Because previous work has observed that most phenotypes under these condition can be suppressed by the galactokinase gene GAL1 deletion, authors should at least comment on the hypothesis, but preferably, test it. Suggestions for this test are: 1) control experiments testing lithium toxicity in other media containing other carbon sources (e.g. glucose, glycerol, lactate, etc); 2) test the effect of the gal1 gene deletion on the growth tests of the mutant trains. If the deletion of YTA6 and YPR096C can be completely suppressed by gal1 deletion, it would favor the hypothesis that the toxicity modulated by the presence of these genes is more related to galactose-1-phosphate accumulation than to lithium toxicity directly.

\- In order to claim that the effect of the deletions of YTA6 and YPR096C on lithium/galactose toxicity is really due to the impact on PGM2 translation, I would suggest authors to: 1) test the actual PGM2 mRNA hairpin on the translational assays used in this work; 2) test the expression of a PGM2 gene allele without the hairpin -- I would expect that this allele would suppress the effect of the deletions.

\- The quality of the presented figures is bad, some are almost impossible to visualize (especially figure 6), please increase quality for publication.

\- Usually, yeast spot growth assays are presented as one photograph of each plate containing all the strains that are to be compared. It makes the comparison of relative growth rate more straight-forward and convincing.

\- The nGI screening present a bias as authors crossed the mutants yta6� and ypr0963c� to a called "gene expression library", thus enhancing the chances of enrichment in protein biosynthesis interactions. So, I am not sure whether the enrichment of the class observed is a good indicator in this case. Also, since the screening was performed with a subset of the entire library, authors should list all the mutants included in the screening.

\- Some of the arguments used during the manuscript are missing references, and some are wrongly interpreted from the literature. For example, in the lines 35/36 authors argue that LiCl reduces PGM2 expression but Masuda et al 2001 shows that lithium treatment increases the mRNA levels of PGM2. In lines 255-257 the group argue that deletion of TIF2 reduces PGM2 expression in response to LiCl accordingly to Montero-lomeli et al., 2002 but this data does not exist in this publication.

\- Please recheck the references section of your work. Many references are lacking informations like journal name and/or DOI. In line 173 there is a reference missing from the list (Memarian et al., 2007). In line 191 the reference Bro et al., 2003 is actually Montero-Lomeli et al., 2003.

\- No statistical analysis details are presented in the work. Although differences in data are clear, please indicate in the method section the type of test used in Figure 4 and perform statistical analysis for the rest of the data.

Minor concerns:

\- It would be interesting if authors could present the result of non-treated cells on figure 3b to observe any effect of the deletions on the basal expression of PGM2 gene.

\- Because of the way the quantitative growth experiment was performed, it is impossible to discern whether the effect of the deletion of YTA6 and YPR096C genes is increasing lethality (cytotoxicity) or decreasing growth rates (cytostatic effect). It would be interesting to discern between these effects performing some viability assays since the figure 2 result shows that overexpression of genes lead to a colony number higher than the WT strain, suggesting a decreased cytotoxicity.

\- The term gene expression is usually used to address gene transcription, not so much for effect in translation. Although I do not consider the actual (in this manuscript) use of the term wrong, I suggest being more precise in describing the phenotypes observed, even in the title, and better establish that the hypothesis is that these genes (and lithium?) affect the process of translation.

\- For better understanding, improve the description of the method for colony counting in the methods section.

\- The housekeeping gene used to normalize qRT-PCR is always an issue, and I this case PGK1 was used. Is this a good housekeeping gene to this context? Have you tried others such as ACT1 or TAF10?

\- Add references to the arguments in lines 41-42, 42-43, 265 (for TIF2 as control),348-349.

\- Period between lines 47-52 is difficult to understand.

\- Misspelling in lines 126 (Reference of krogan et al 2003); 227 (MasudA et al 2001); 245 -- legend- PGM2 protein and mRNA content analysis

\- Cite Tong et al., 2001 also in the methods section

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: Claudio Akio Masuda

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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5 Feb 2020

Responses to Editor and Reviewers comments

We would like to start by thanking Drs. AJ Lusting, CA Masuda and unanimous reviewer \#1 for their invaluable time and comments to improve the quality of this manuscript.

Editor's comments:

• As Reviewer 2 points out, LiCl also has an interaction in galactose metabolism, independent of toxicity. The consideration of galactose metabolism intermediates that are likely accumulate in yeast cells creating a large amount of phenotypes may be due to specific galactose-1-phosphate accumulation, already known as part of toxicity of galactosemia. Since there is a second pathway that has not been considered, discussion of that pathway is required. Add appropriate references.

Our response: The text is now modified accordingly.

• Testing of the alternative pathway per the suggestions of Reviewer 2 is required: 1) control experiments testing lithium toxicity in using media that use other carbon sources (e.g. glucose, glycerol, lactate, etc); 2) test the effect of the gal1 gene deletion on the growth tests of the mutant trains. Test the alternative hypothesis by suppression through deletion of YTA6 and YPR096C.

Our response: Both suggested experiments are now performed and the results are reported. Please refer to our answer to reviewer \#2 major comment \#1.

• Cell size as an assay of fitness is flawed since it could be due to a higher cell death rate or a slower growth rate. These paramaters need to be determined independently.

Our response: We agree with this comment. Although cell death and growth rate can both represent sensitivity, they do not signify the same parameter. In the current study, general cell sensitivity serves as a starting point for follow-up analyses. We feel the outcome of this experiment will not affect the conclusions of the current study.

• Present the results of non-treated cells.

Our response: The text is now modified accordingly (Fig 3).

• The PGM2 hairpin hypothesis requires more controls including testing a) the effect of the hairpin on translational assays and b) the absence of the hairpin on the suppression of the phenotype.

Our response: Suggested experiments are now performed. We now have a new b-gal construct with and without PGM2 hairpin. The results are shown in modified Figure 4 panels A and B.

• The authors need to clarify the potential of non-isogenicity on the nGI results.

Our response: We agree that such screens have inherent bias. Please refer to our answer to the same point raised by Reviewer \#2, under major concerns, point 5. We have used a random plate to estimate the overall rate of GIs for a target gene in our hands. In this case we can drive more meaningful P-values. For clarity, the description of the control plate is modified.

• Statistical analysis requires a description in methods.

Our response: The text is now modified accordingly.

• Figure 6 is difficult to see (see the AE comments below).

Our response: The resolution is now improved.

• The major textual problem is the over-comparison with the use of Li in bi-polar disorder, as noted by Reviewer 1. This may be mentioned only briefly as it is peripheral to the actual study

Our response: The text is now modified accordingly.

• Reviewer 2 has more specialized knowledge essential for the interpretation of the data. Reviewer 1 focused on the presentation.

The AE reading of the manuscripts found numerous additional problem. First, Figures 1 and 7 show spot assays that are strips of data. The nature of the splicing is not mentioned in the text and it is unknown whether they are derived from one or more plate. The original data must be presented to the Reviewers for all of the data by the new PLOS One data presentation rules. Second, the other Figures would be assisted by a diagram of the assay shown in that Figure. Third, the statistical tests frequire exact n values and methods in the Figure Legends. Fourth, are the cells that are the origin of the quantitative cell counting independent colonies from independent cells?. If not, this must be repeated with colonies from independent cells that may require a larger sample size. Fifth, when data are non-statistically significant, they should not be shown in any Figure, including the supplement. Sixth, terms such as gene expression and protein translation are muddled. These need to be fixed. Seventh, the references are incomplete. Please correct carefully. Eighth, spelling errors detract from the coherent reading of the manuscript. The authors should have an independent individual unassociated with the paper read the manuscript for spelling and grammar.

Our response: The text is now modified accordingly. We have kept some of the non-statistically significant data, only when a comparison is needed. For example, growth under different conditions.

Reviewers' Comments to the Author

Reviewer \#1: This is a concise piece of work on a physiological target function of LiCl toxicity in yeast. The experiments are properly conducted and the results are reasonably interpreted. The presentation is, however, somewhat misleading. More than half (six lines out of ten) of the Abstract describes the link between LiCl and bipolar disorder, although the work has very little to do with the disease. This disproportional presentation is confusing and misleading for general readership. It may be acceptable to mention bipolar disorder in the Introduction, although I recommend to curtail the part from the Abstract.

Our response: The abstract and the text is modified accordingly.

Typos or errors:

l.82

Insert a space after his5.

l.130, l.166,

Capitalize c of Licl.

l.180-188

This section should be in the Introduction, and therefore should be removed.

l.191

TIF2 should be Italicized.

l.201

Insert a space between 10 and mM.

l.218 and Fig.1 and 7

Ypgal or YPgal (l.107)? Stick to the same nomenclature.

l.356

EAP1, not EAp1.

l.356

The legend mentions dhh1D but the corresponding strain is tif2D in the Fig.7. Which is correct?

Our response: The text is modified accordingly.

Reviewer \#2:

Major concerns:

1- The authors argue that effects observed by LiCl treatment regards only lithium toxicity but, in fact, Masuda et al 2001,2008 demonstrated that there is a potent interaction of LiCl treatment and galactose metabolism. By blocking PGM2 activity with lithium, galactose metabolism intermediates accumulate in yeast cells and a large amount of phenotypes are due to specific galactose-1-phosphate accumulation, a molecule already known as part of toxicity of a genetic disease called classic galactosemia. We cannot exclude the hypothesis presented by the authors that lithium is (directly) inducing a protein translation problem, but at this point they cannot exclude that the translation problem is being induced by galactose-1-phosphate (or other intermediary metabolite of the galactose pathway) accumulation neither. No comment about the galactose-1-phosphate toxicity was presented in this manuscript. Because previous work has observed that most phenotypes under these condition can be suppressed by the galactokinase gene GAL1 deletion, authors should at least comment on the hypothesis, but preferably, test it. Suggestions for this test are: 1) control experiments testing lithium toxicity in other media containing other carbon sources (e.g. glucose, glycerol, lactate, etc); 2) test the effect of the gal1 gene deletion on the growth tests of the mutant trains. If the deletion of YTA6 and YPR096C can be completely suppressed by gal1 deletion, it would favor the hypothesis that the toxicity modulated by the presence of these genes is more related to galactose-1-phosphate accumulation than to lithium toxicity directly.

Our response: We completely agree with this comment. It is a big oversight from our end. We have now performed both suggested experiments. The results are shown in Figure 1D and Figure 4 A and B. In brief, we believe that the influence of LiCl on translation in through previously reported galactose metabolism. The text is modified accordingly. Considering this comment and the new data, the title of the manuscript is now modified.

2- In order to claim that the effect of the deletions of YTA6 and YPR096C on lithium/galactose toxicity is really due to the impact on PGM2 translation, I would suggest authors to: 1) test the actual PGM2 mRNA hairpin on the translational assays used in this work; 2) test the expression of a PGM2 gene allele without the hairpin -- I would expect that this allele would suppress the effect of the deletions.

Our response: We now have a new b-gal reporter construct with and without PGM2 hairpin. The results are shown in new Figure 4A and B. Reduction of b-gal is linked to the presence of the PGM2 hairpin on the mRNA.

3- The quality of the presented figures is bad, some are almost impossible to visualize (especially figure 6), please increase quality for publication.

Our response: The manuscript is modified accordingly.

4- Usually, yeast spot growth assays are presented as one photograph of each plate containing all the strains that are to be compared. It makes the comparison of relative growth rate more straight-forward and convincing.

Our response: The new Figure 1 is modified accordingly.

5- The nGI screening present a bias as authors crossed the mutants yta6� and ypr0963c� to a called "gene expression library", thus enhancing the chances of enrichment in protein biosynthesis interactions. So, I am not sure whether the enrichment of the class observed is a good indicator in this case. Also, since the screening was performed with a subset of the entire library, authors should list all the mutants included in the screening.

Our response: We agree with this comment. Although this type of enriched screening and its modified versions have been commonly used by us (e.g. Alamgir et al BMC Genomics, 2008; Samanfar et al Mol Biosyst, 2013; Gagarinova et al Cell Rep, 2016; etc) and others (e.g. Laribee et al 2007, PNAS; Collins et al Nature, 2007; Roguev et al Science, 2008; Zheng et al Mol Syst Biol, 2010; etc) they all have certain inherent bias associated with them. In our case we always use a random set of mutants (384 strains) as a control plate to estimate the overall rate of GIs for a target gene in our hands. In this case we can drive more meaningful P-values. For clarity, the description of the control plate is modified.

6- Some of the arguments used during the manuscript are missing references, and some are wrongly interpreted from the literature. For example, in the lines 35/36 authors argue that LiCl reduces PGM2 expression but Masuda et al 2001 shows that lithium treatment increases the mRNA levels of PGM2. In lines 255-257 the group argue that deletion of TIF2 reduces PGM2 expression in response to LiCl accordingly to Montero-lomeli et al., 2002 but this data does not exist in this publication.

Our response: The manuscript is modified accordingly.

7- Please recheck the references section of your work. Many references are lacking informations like journal name and/or DOI. In line 173 there is a reference missing from the list (Memarian et al., 2007). In line 191 the reference Bro et al., 2003 is actually Montero-Lomeli et al., 2003.

Our response: The manuscript is modified accordingly.

8- No statistical analysis details are presented in the work. Although differences in data are clear, please indicate in the method section the type of test used in Figure 4 and perform statistical analysis for the rest of the data.

Our response: The manuscript is modified accordingly.

Minor concerns:

\- It would be interesting if authors could present the result of non-treated cells on figure 3b to observe any effect of the deletions on the basal expression of PGM2 gene.

Our response: The suggested experiment is performed and now included in Figure 3.

\- Because of the way the quantitative growth experiment was performed, it is impossible to discern whether the effect of the deletion of YTA6 and YPR096C genes is increasing lethality (cytotoxicity) or decreasing growth rates (cytostatic effect). It would be interesting to discern between these effects performing some viability assays since the figure 2 result shows that overexpression of genes lead to a colony number higher than the WT strain, suggesting a decreased cytotoxicity.

Our response: We agree with this comment. In the current study, general cell sensitivity serves as a starting point for follow-up analyses. We feel the outcome of this experiment will not affect the conclusions of the current study, but plan to include it in our future work. Also we discovered an issue with normalization of our overexpression genes in Figure 2; this is now corrected.

\- The term gene expression is usually used to address gene transcription, not so much for effect in translation. Although I do not consider the actual (in this manuscript) use of the term wrong, I suggest being more precise in describing the phenotypes observed, even in the title, and better establish that the hypothesis is that these genes (and lithium?) affect the process of translation.

Our response: The manuscript is modified accordingly. The title is also modified.

\- For better understanding, improve the description of the method for colony counting in the methods section.

Our response: The manuscript is modified accordingly.

\- The housekeeping gene used to normalize qRT-PCR is always an issue, and I this case PGK1 was used. Is this a good housekeeping gene to this context? Have you tried others such as ACT1 or TAF10?

Our response: This is an interesting point. We have not used additional housekeeping genes but would be interesting to examine a second gene in future.

\- Add references to the arguments in lines 41-42, 42-43, 265 (for TIF2 as control),348-349.

Our response: The manuscript is modified accordingly.

\- Period between lines 47-52 is difficult to understand.

Our response: The manuscript is modified accordingly.

\- Misspelling in lines 126 (Reference of krogan et al 2003); 227 (MasudA et al 2001); 245 -- legend- PGM2 protein and mRNA content analysis

Our response: The manuscript is modified accordingly.

\- Cite Tong et al., 2001 also in the methods section

Our response: The manuscript is modified accordingly.

###### 

Submitted filename: Response to Reviewers.docx

###### 

Click here for additional data file.

10.1371/journal.pone.0235033.r003
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PONE-D-19-21480R1

Sensitivity of yeast to lithium chloride connects the activity of YTA6 and YPR096C to translation of structured mRNAs

PLOS ONE

Dear Dr. Golshani,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

The AE agrees with the comments of Reviewers 1 and 2. In particular, Reviewer 2 provides a number of appropriate issues of confusion that results from both the manner of presentation and some bona fide confusion regarding the pathway involvement.The AE finds that the manuscript needs to be written in a more accessible fashion and with greater clarity.  These include methodological, logical and data presentation issues.   In particular, in order of priority,The manuscript has a large number of grammatical mistakes;. in particular, the lack of use of articles ( e.g, \"the\"). This problem is present throughout the paper and compromises the ease of reading the manuscript.  This is necessary to meet the standards for publication in PLOS. Please have an individual familiar with publication standards review your grammar.The methodology lacks sufficient clarity for reproduction. This includes an insufficient description of selection schemes, strain development, and design rationale.Specific errors include the definition of NAT (it is not nourseothricin but, rather nourseothricin N-acetyl transferase).How was the concentration of LiCl determined? What were the effects in different concentration of LiCl\> and a clear relationship between context for which methods are involved in which experiments. Is the statistical basis of the qPCR the MIQE convention? If not, please redo these evaluations according the this convention.Define SDL.Statistical tests should include the sets of values that are being compared (for example in Western blot analysis). Also place n value and statistical test in Figure Legends.Please define the unconventional use of \"fitness\". Are you not referring to colony size?Please describe the tests for the functionality of fusion proteins used in this study. Also clarify which experiments used and did not use the fusion protein.The introduction of high copy number genes that complement nulls is not a test of complementation of the gene. Rather, re-integration of a single copy gene is needed to prove that the correct gene has been isolated in plasmids. Much of the data is presented graphically in Figures 2,3,4,5. An example of each dataset is required in these Figures. Similarly, a subset of the data interactions summarized in Figure 6 that have been uncovered in this paper should be presented. In addition, in a Supplementary Data section, by PLOS One regulations, all of the raw data must be presented so that the data is can be directly assessed. In the spot assays in Figure 1, are all the plates derived from the same microarray plate?The logic behind the interpretation of mutations in the presence of gal1 null alleles must be explained more clearly as noted by Reviewer 2.The argument for hairpin structure involvement is quite good. Why was the relationship to the growth sensitivity data not tested by conducting hairpin structure experiments in gal null alleles in a subset of experiments?The isolation of interacting genes in some ribosomal protein genes and regulators of translation implicates  the translation process. However,  conclusions the basis of these studies should be in line with the strength of the data.Eliminate the bipolar discussion in the Results.  It is not relevant to this manuscript.There are no conflicts between the Reviewers. Reviewer 1 is primarily concerned with presentation issues. Reviewer 2 is involved with scientific issues and mis-statements and the AE is examining the manuscript as an entirety.  All of the issues must be addressed.

We would appreciate receiving your revised manuscript by Apr 17 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Arthur J. Lustig, PhD

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Further work is needed in presentation, sufficiency of data, control experiments, quality of methodology, and in experimental interpretation.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: I Don\'t Know

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: As I pointed out in the previous review, the work has very little to do with BD. Furthermore, the results and discussion section should not contain lengthy explanation of the background information. From these reasons, I recommend to eliminate the section from l.174 to l.185.

Reviewer \#2: The authors addressed most of the concerns raised in the first round of revision and the manuscript improved significantly. However, I still think there are a few point that should be corrected in order to make the manuscript ready for publication.

1\) Abstract: "Reduced activity of phosphoglucomutase in the presence of galactose causes an accumulation of glucose-1-p leading to a number of phenotypes including growth defect."

Glucose-1-phosphate is not the only metabolite accumulated under this condition. So, it is more accurate to say that "intermediate metabolites of galactose metabolism" accumulates.

And in work of other groups and ours, many of the phenotypes induced by PGM inhibition is mimicked by the deletion of the GAL7 gene. Because of that, we suggest that galactose-1-phosphate (not glucose-1-phosphate) may be the real culprit of these effects. (Reasoning: Galactose-1-phosphate is the only common metabolite downstream of galactokinase (GAL1) that accumulate in both PGM inhibition and GAL7 inhibition conditions)

2\) Abstract: "In the current study we identify two understudied genes, YTA6 and YPR096C that when deleted increase cell sensitivity to LiCl treatment in yeast."

Specify that the increased sensitivity to lithium is observed only in the presence of galactose.

3\) Abstract: "...YTA6 and YPR096C exert their activities by influencing PGM2 at the level of translation."

Suggest to highlight that the mRNA of PGM2 has a structured 5' UTR to match the title.

4\) "Lithium chloride (LiCl) has remained an important treatment option for BD for more than ten decades (2,3)."

Correct "ten decades". The lithium use to treat neurological disorders started with the work of Dr. John Cade in 1949 and only "officially" accepted later on.

5\) "Phosphoglucomutase is responsible for converting glucose-1-phosphate to glucose-6-phosphate."

Suggestion: add here the information that lithium is an inhibitor of the enzymatic activity of PGM.

6\) "When galactose is used as the carbon source, inhibition of phosphoglucomutase by LiCl results in accumulation of glucose-1-phosphate that in turn causes growth defects (11,12)."

Change glucose-1-phosphate to "galactose metabolites intermediates".

7\) "...be a rapid loss of ribosomal protein gene (RBG) pre-mRNAs"

RBG is not used afterwards.

8\) "...LiCl reduces the activity of phosphoglucomutase enzyme leading to the accumulation of galactose-1-phosphate, a toxic intermediate in galactose metabolism."

Suggestion to change for: ... accumulation of intermediate metabolites from the galactose metabolism including galactose-1-phosphate, a toxic intermediate.

9\) "we generated double gene deletions for YTA6 or YPR096C with GAL1 gene. Deletion of GAL1 gene relieved the sensitivity of gene deletion mutants for YTA6 or YPR096C to LiCl (Fig 1)."

There is no previous reference to the GAL1 gene, what enzyme it encodes and the reasoning behind the GAL1 deletion effect. This experiment needs more contextualization for a non-expert reader to understand these results.

10\) "sensitivity of deletions strains for YTA6 or YPR096C to LiCl diminished when glucose was used as a carbon source further connecting the observed LiCl sensitivity for YTA6 and YPR096C deletion strains to galactose metabolism."

According to the results presented (YPD + 10 mM LiCl), deletions of YTA6 and YPR096C does not cause ANY sensitivity to LiCl in the absence of galactose, not a DIMINISHED sensitivity to galactose.

That said, it would be interesting to check the effect of these deletions to toxic concentrations of LiCl in YPD (100 - 300 mM range). This experiment could either unmask a possible direct effect of lithium independent of galactose metabolism, or further emphasize that the increased sensitivity of these strains to lithium is dependent on its effect on galactose metabolism.

11\) Figures 4 and 5 -- Because both figures address the same general question (effect of YTA6 and YPR096C deletion on translation efficiency of mRNAs containing structures), I suggest to either join figures 4 and 5, or transfer the figures 4C and D to figure 5 to isolate on Figure 4 the discussion about PGM2 mRNA.

12\) Since the nGI and PSA screenings were performed with a subset of the entire Yeast KO library, authors should list all the mutants included in the screenings and identify the groups (gene expression / random groups).

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: Claudio A Masuda

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0235033.r004

Author response to Decision Letter 1

4 Apr 2020

Responses to Editor and Reviewers comments

We would like to start by thanking Drs. AJ Lusting, CA Masuda and the unanimous reviewer \#1 for their invaluable time and comments to improve the quality of this manuscript.

Editor's comments:

• The manuscript has a large number of grammatical mistakes; in particular, the lack of use of articles (e.g, \"the\"). This problem is present throughout the paper and compromises the ease of reading the manuscript. This is necessary to meet the standards for publication in PLOS. Please have an individual familiar with publication standards review your grammar.

Our response: The text is now modified accordingly.

• Specific errors include the definition of NAT (it is not nourseothricin but, rather nourseothricin N-acetyl transferase).

Our response: NAT is now replaced by clonNAT (nourseothricin sulfate).

• How was the concentration of LiCl determined? What were the effects in different concentration of LiCl\> and a clear relationship between context for which methods are involved in which experiments.

Our response: Proper references are now included for the starting concentrations of LiCl. Additional explanation is also provided. Description is added for each method connecting it to the corresponding experiment.

• Is the statistical basis of the qPCR the MIQE convention? If not, please redo these evaluations according the this convention.

Our response: Yes, it is. The text is now modified to reflect this.

• Define SDL.

Our response: "SDL" is now removed from the text.

• Statistical tests should include the sets of values that are being compared (for example in Western blot analysis). Also place n value and statistical test in Figure Legends.

Our response: The text is now modified accordingly.

• Please define the unconventional use of \"fitness\". Are you not referring to colony size?

Our response: A description is now added in the Materials and methods section. In Genetic Interaction analysis, colony size is commonly used as a measure of fitness. For example: Tong et al 2001 Science; Toufighi et al 2011 Nature Methods; Roguev et al 2018 Cold Spring Harb Protoc; etc.

• Please describe the tests for the functionality of fusion proteins used in this study. Also clarify which experiments used and did not use the fusion protein.

Our response: PCR analysis and LiCl sensitivity was used to confirm the integrity of Pgm2p-GFP strain. The Material and methods section is modified accordingly.

• The introduction of high copy number genes that complement nulls is not a test of complementation of the gene. Rather, re-integration of a single copy gene is needed to prove that the correct gene has been isolated in plasmids.

Our response: The text is now modified accordingly.

• Much of the data is presented graphically in Figures 2,3,4,5. An example of each dataset is required in these Figures. Similarly, a subset of the data interactions summarized in Figure 6 that have been uncovered in this paper should be presented. In addition, in a Supplementary Data section, by PLOS One regulations, all of the raw data must be presented so that the data is can be directly assessed.

Our response: An example for each data set is now added. Negative genetic interaction data is now represented in Table S3. An inset for Figure 4A is now included. An inset for Figure 6 is now included.

• In the spot assays in Figure 1, are all the plates derived from the same microarray plate?

Our response: Yes, each set is spotted on the same plate and grown under the same conditions.

• The logic behind the interpretation of mutations in the presence of gal1 null alleles must be explained more clearly as noted by Reviewer 2.

Our response: The text is now modified accordingly.

• The argument for hairpin structure involvement is quite good. Why was the relationship to the growth sensitivity data not tested by conducting hairpin structure experiments in gal null alleles in a subset of experiments?

Our response: Gal1 deletion analysis was to study the function of YTA6 and YPR096C in the context of LiCl mode of toxicity. It was performed to functionally link sensitivity of YTA6 and YPR096C to the accumulation of toxic intermediate when galactose was used as a carbon source. This is in contrast to other experiments that were mainly concerned with the expression and translatability of mRNAs. For example, β-galactosidase activity analyses derived from the constructs that carry different hairpin structures on their 5'-UTRs, including that for PGM2, are independent of GAL1 function. They focus on the ability of mutant strains to translate β-galactosidase mRNAs that contain hairpin structures. Similarly, the RNA (qRT-PCR) and protein (western) content analyses were focused on the expression of PGM2 and not its function. Deletion of GAL1 is expected to have no consequence in the outcome of these experiments and would not change the conclusion of the study about translation of structured mRNAs.

• The isolation of interacting genes in some ribosomal protein genes and regulators of translation implicates the translation process. However, conclusions the basis of these studies should be in line with the strength of the data.

Our response: The text is now modified to reduce the strength of the concluding sentence regarding GI data.

• Eliminate the bipolar discussion in the Results. It is not relevant to this manuscript.

Our response: The text is now modified accordingly.

Reviewers' Comments to the Author

Reviewer \#1:

1- As I pointed out in the previous review, the work has very little to do with BD. Furthermore, the results and discussion section should not contain lengthy explanation of the background information. From these reasons, I recommend to eliminate the section from l.174 to l.185.

Our response: The text is now modified accordingly.

Reviewer \#2:

1- Abstract: "Reduced activity of phosphoglucomutase in the presence of galactose causes an accumulation of glucose-1-p leading to a number of phenotypes including growth defect."

Glucose-1-phosphate is not the only metabolite accumulated under this condition. So, it is more accurate to say that "intermediate metabolites of galactose metabolism" accumulates.

And in work of other groups and ours, many of the phenotypes induced by PGM inhibition is mimicked by the deletion of the GAL7 gene. Because of that, we suggest that galactose-1-phosphate (not glucose-1-phosphate) may be the real culprit of these effects. (Reasoning: Galactose-1-phosphate is the only common metabolite downstream of galactokinase (GAL1) that accumulate in both PGM inhibition and GAL7 inhibition conditions)

Our response: The text is now modified accordingly.

2- Abstract: "In the current study we identify two understudied genes, YTA6 and YPR096C that when deleted increase cell sensitivity to LiCl treatment in yeast."

Specify that the increased sensitivity to lithium is observed only in the presence of galactose.

Our response: The text is now modified accordingly.

3- Abstract: "...YTA6 and YPR096C exert their activities by influencing PGM2 at the level of translation."

Suggest to highlight that the mRNA of PGM2 has a structured 5' UTR to match the title.

Our response: The text is now modified accordingly.

4- "Lithium chloride (LiCl) has remained an important treatment option for BD for more than ten decades (2,3)."

Correct "ten decades". The lithium use to treat neurological disorders started with the work of Dr. John Cade in 1949 and only "officially" accepted later on.

Our response: The text is now modified accordingly.

5- "Phosphoglucomutase is responsible for converting glucose-1-phosphate to glucose-6-phosphate."

Suggestion: add here the information that lithium is an inhibitor of the enzymatic activity of PGM.

Our response: The text is now modified accordingly.

6- "When galactose is used as the carbon source, inhibition of phosphoglucomutase by LiCl results in accumulation of glucose-1-phosphate that in turn causes growth defects (11,12)."

Change glucose-1-phosphate to "galactose metabolites intermediates".

Our response: The text is now modified accordingly.

7- "...be a rapid loss of ribosomal protein gene (RBG) pre-mRNAs"

RBG is not used afterwards.

Our response: The text is now modified accordingly.

8- "...LiCl reduces the activity of phosphoglucomutase enzyme leading to the accumulation of galactose-1-phosphate, a toxic intermediate in galactose metabolism."

Suggestion to change for: ... accumulation of intermediate metabolites from the galactose metabolism including galactose-1-phosphate, a toxic intermediate.

Our response: The text is now modified accordingly.

9- "we generated double gene deletions for YTA6 or YPR096C with GAL1 gene. Deletion of GAL1 gene relieved the sensitivity of gene deletion mutants for YTA6 or YPR096C to LiCl (Fig 1)."

There is no previous reference to the GAL1 gene, what enzyme it encodes and the reasoning behind the GAL1 deletion effect. This experiment needs more contextualization for a non-expert reader to understand these results.

Our response: The text is now modified accordingly. Relative explanation has been added.

10- "sensitivity of deletions strains for YTA6 or YPR096C to LiCl diminished when glucose was used as a carbon source further connecting the observed LiCl sensitivity for YTA6 and YPR096C deletion strains to galactose metabolism."

According to the results presented (YPD + 10 mM LiCl), deletions of YTA6 and YPR096C does not cause ANY sensitivity to LiCl in the absence of galactose, not a DIMINISHED sensitivity to galactose.

That said, it would be interesting to check the effect of these deletions to toxic concentrations of LiCl in YPD (100 - 300 mM range). This experiment could either unmask a possible direct effect of lithium independent of galactose metabolism, or further emphasize that the increased sensitivity of these strains to lithium is dependent on its effect on galactose metabolism.

Our response: The text is now modified accordingly. Also, we subjected the yeast gene deletion strains for YTA6 or YPR096C to 100 mM of LiCl in YPD and observed no increased sensitivity for these mutants in comparison to a control strain. This observation is now reported in the text and the results are shown in Fig S1.

11- Figures 4 and 5 -- Because both figures address the same general question (effect of YTA6 and YPR096C deletion on translation efficiency of mRNAs containing structures), I suggest to either join figures 4 and 5, or transfer the figures 4C and D to figure 5 to isolate on Figure 4 the discussion about PGM2 mRNA.

Our response: New figures are modified accordingly. The new figure 5 now includes the old figure 4C and 4D panels.

12- Since the nGI and PSA screenings were performed with a subset of the entire Yeast KO library, authors should list all the mutants included in the screenings and identify the groups (gene expression / random groups).

Our response: The list has been added to the supporting information.

###### 

Submitted filename: Responses to Editor and Reviewers.docx

###### 

Click here for additional data file.
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23 Apr 2020

PONE-D-19-21480R2

Sensitivity of yeast to lithium chloride connects the activity of YTA6 and YPR096C to translation of structured mRNAs

PLOS ONE

Dear Dr. Golshani,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Three major issues remain​First, please provide the alternative interpretation of the data expressed by Reviewer 2 or a rebuttal of that viewpoint.Second, the AE question regarding the failure to integrate a single copy of the gene to show complementation was not fully addressed.  What is the evidence that the expected gene has been cloned?Third, while the images are quite good, the pdf is present at limiting resolution.  Be certain that you increase the resolution of the figures and possibly the size of the lane designations so that they will be easily visible in the final version.Fourth, while the authors have addressed most of the issues, the answers to the AE\'s critique do not specify where in the text (line numbers) specific changes have been made.  In the absence of this information, which by convention should be provided by the authors, the AE is forced to go through multiple re-reads to verify that each point has indeed been addressed. The AE requests that this detail be provided to ensure that every question has been answered.Fifth, please address the additional textual issues raised by Reviewer 2.There are no significant differences between the reviewers.The authors have dealt with each of the issues, although the AE requires more specification of where in the text specific changes have been made. In addition, the issue of the proper identification of the gene that is overproduced must be addressed.

We would appreciate receiving your revised manuscript by Jun 07 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Arthur J. Lustig, PhD

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Several issues remain that must be addressed.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

Reviewer \#2: The authors addressed most of the comments. A few minor changes are still suggested.

Minor suggestions:

line 219: \"In yeast, galactose-1-phosphate is encoded by the GAL1 gene.\"

Correct to galactokinase is encoded by the GAL1 gene.

lines 363-365: \"The fact that YTA6 and YPR096C compensated the same two gene deletions, further connects their activities together in the context of LiCl sensitivity.\"

Although this conclusion is possible (and should be kept in the manuscript), another possibility is that the overexpression of YTA6 and YPR096C would improve PGM2 translation, leading to an increase in PGM2 activity in cells that was shown to confer resistance to lithium in galactose medium (Masuda et al., 2001). According to this hypothesis, if the main cause of toxicity under these conditions is the decrease in PGM activity, the overexpression of YTA6 and YPR096C would be \"solving\" the original problem and thus making any yeast strain more tolerant to lithium, not only those with related function in the cell.

Since at this point we cannot discern between the two hypothesis, I think authors should discuss both possibilities.

line 418: reference \# 11.

The citation format for this reference is wrong. Please correct this one, and check carefully for other mistakes in the reference section.

Figures quality: Still the quality of the figures presented in this PDF is low, especially Figure 5 that even if we amplify in a PDF reader, some legends are not readable. Possible that this is a problem of conversion to PDF, but be careful when submitting the final versions of the figure to assure readability in the final version of the manuscript.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: Claudio A Masuda

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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We would like to start by once again thanking Drs. AJ Lusting, CA Masuda and the unanimous reviewer \#1 for their invaluable time and comments to improve the quality of this manuscript.

Editor's comments:

1- First, please provide the alternative interpretation of the data expressed by Reviewer 2 or a rebuttal of that viewpoint.

Our response: The suggested alternative explanation is now included in the text. Lines 372-377.

2- Second, the AE question regarding the failure to integrate a single copy of the gene to show complementation was not fully addressed. What is the evidence that the expected gene has been cloned?

Our response: Discussion of complementation is now removed from the text and replaced by reporting the phenotypic observations after the introduction of the over-expression plasmid into the corresponding gene deletion mutants. These plasmids were purchased from Thermofisher and their integrity was confirmed by PCR analysis. Lines 81, 82, 195-197, 202 and 203.

3- Third, while the images are quite good, the pdf is present at limiting resolution. Be certain that you increase the resolution of the figures and possibly the size of the lane designations so that they will be easily visible in the final version.

Our response: Resolution of all figures is now increased.

4- Fourth, while the authors have addressed most of the issues, the answers to the AE\'s critique do not specify where in the text (line numbers) specific changes have been made. In the absence of this information, which by convention should be provided by the authors, the AE is forced to go through multiple re-reads to verify that each point has indeed been addressed. The AE requests that this detail be provided to ensure that every question has been answered.

Corresponding Associate Editor's comments from the previous round:

• Specific errors include the definition of NAT (it is not nourseothricin but, rather nourseothricin N-acetyl transferase).

Our response: NAT is now replaced by clonNAT (nourseothricin sulfate). Line 89.

• How was the concentration of LiCl determined? What were the effects in different concentration of LiCl\> and a clear relationship between context for which methods are involved in which experiments.

Our response: Proper references are now included for the starting concentrations of LiCl. Additional explanation is also provided. Description is added for each method connecting it to the corresponding experiment. Lines 114-116, 170-171 and 227-228.

• Is the statistical basis of the qPCR the MIQE convention? If not, please redo these evaluations according the this convention.

Our response: Yes, it is. The text is now modified to reflect this. Line 137.

• Define SDL.

Our response: The text is now modified accordingly. SDL is removed from line 165 as this form of genetic interaction is not included in the manuscript.

• Statistical tests should include the sets of values that are being compared (for example in Western blot analysis). Also place n value and statistical test in Figure Legends.

Our response: The text is now modified accordingly. Lines 211, 215, 217, 219, 256-258, 276-280, 301-305, 354-355, and 387-388.

• Please define the unconventional use of \"fitness\". Are you not referring to colony size?

Our response: A description is now added in the Materials and methods section. In Genetic Interaction analysis, colony size is commonly used as a measure of fitness. For example: Tong et al 2001 Science; Toufighi et al 2011 Nature Methods; Roguev et al 2018 Cold Spring Harb Protoc; etc. Lines 162-163.

• Please describe the tests for the functionality of fusion proteins used in this study. Also clarify which experiments used and did not use the fusion protein.

Our response: PCR analysis and LiCl sensitivity was used to confirm the integrity of Pgm2p-GFP strain. The Material and methods section is modified accordingly. Lines 82-85.

• Much of the data is presented graphically in Figures 2,3,4,5. An example of each dataset is required in these Figures. Similarly, a subset of the data interactions summarized in Figure 6 that have been uncovered in this paper should be presented. In addition, in a Supplementary Data section, by PLOS One regulations, all of the raw data must be presented so that the data is can be directly assessed.

Our response: Supporting information for each data set is added. An example of each dataset is added to each figure in lines 215, 277, 302 and 355. Table S1, S2 and S3 in lines 544-553 are added as supporting information data and are mentioned in the manuscript in lines 322, 325, 326, and 330. Figure 6, a representative interaction is now included; also see line 355.

• The logic behind the interpretation of mutations in the presence of gal1 null alleles must be explained more clearly as noted by Reviewer 2.

Our response: The text is now modified accordingly. Lines 221-222.

• The isolation of interacting genes in some ribosomal protein genes and regulators of translation implicates the translation process. However, conclusions the basis of these studies should be in line with the strength of the data.

Our response: The text is now modified to reduce the strength of the concluding sentence regarding GI data. Lines 347-349.

Reviewer \#2:

1- line 219: \"In yeast, galactose-1-phosphate is encoded by the GAL1 gene.\"Correct to galactokinase is encoded by the GAL1 gene.

Our response: The text is now modified accordingly. Line 222.

2- lines 363-365: \"The fact that YTA6 and YPR096C compensated the same two gene deletions, further connects their activities together in the context of LiCl sensitivity.\"

Although this conclusion is possible (and should be kept in the manuscript), another possibility is that the overexpression of YTA6 and YPR096C would improve PGM2 translation, leading to an increase in PGM2 activity in cells that was shown to confer resistance to lithium in galactose medium (Masuda et al., 2001). According to this hypothesis, if the main cause of toxicity

under these conditions is the decrease in PGM activity, the overexpression of YTA6 and YPR096C would be \"solving\" the original problem and thus making any yeast strain more tolerant to lithium, not only those with related function in the cell.

Since at this point we cannot discern between the two hypothesis, I think authors should discuss both possibilities.

Our response: The text is now modified accordingly. Added to manuscript from lines 369-375.

3- line 418: reference \# 11.The citation format for this reference is wrong. Please correct this one, and check carefully for other mistakes in the reference.

Our response: The text is now modified accordingly.

4- Figures quality: Still the quality of the figures presented in this PDF is low, especially Figure 5 that even if we amplify in a PDF reader, some legends are not readable. Possible that this is a problem of conversion to PDF, but be careful when submittingthe final versions of the figure to assure readability in the final version of the manuscript.

Our response: Resolution of all figures is now increased.
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Dear Dr. Golshani,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Arthur J. Lustig, PhD

Academic Editor

PLOS ONE
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Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: (No Response)
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3\. Has the statistical analysis been performed appropriately and rigorously?
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4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: (No Response)
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6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)
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\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.
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Sensitivity of yeast to lithium chloride connects the activity of *YTA6* and *YPR096C* to translation of structured mRNAs

Dear Dr. Golshani:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Arthur J. Lustig

Academic Editor
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